MORPHOLOGY OF GROOVES ON PHOBOS
In this section we describe the characteristics of grooves in detail, including their dimensions, form, and relationship to other surface features on the satellite. While to a first approximation the grooves can be described as long linear depressions (Figure 7a 
Grooves as Strings of Coalesced Pits
Most grooves have a beaded appearance caused by subtle depressions along their lengths. While grooves have both straight and beaded segments, the latter predominate. In fact, most grooves can be described accurately as well-organized strings of coalesced depressions. Within any groove segment the widths of these depressions or pits are remarkably constant. It is this consistency, combined with the rectilinear outline of the straighter groove segments, which gives most grooves a strikingly regular appearance.
The pitted nature of grooves is evident in most high-resolu- the very large grooves east of Stickney. Thus the region may well contain, and probably does, many unresolved grooves. It should be noted, however, that the east and west rims of Stickney are quite different in shape [Thomas, 1978] . The east rim is characterized by a smooth, rounded form, whereas the west rim is much sharper and has a well-defined crest. It is possible that the number and size of grooves on the two sides of the crater may also differ.
An alternative explanation of the systematics of groove form and geography is that the widest grooves occur in the A-C plane (along the 0 ø and 180 ø longitude meridians) and that Stickney just happens to be fortuitously emplaced on this pattern. While it is true that the widest groove on Phobos does occur near 0øW (Figure 7c We conclude that the distribution of grooves on Phobos relative to the location of Stickney, as well as the trends in groove morphology with distance away from the crater, suggest that Stickney and the grooves may be related surface features, a hypothesis developed more fully in Section 5. The orientations of the groove planes, however, are most closely related to the shape of Phobos. Close packing of grooves produces a set of long, relatively sharp, parallel ridges. We interpret the ridges between closely packed grooves as residual forms: they are simply all that remains of the intergroove terrain. There is no definite evidence that they are constructional forms.
Modification of Craters by Grooves
There are a few cases in which isolated grooves appear to have raised rims, but in all such cases the rims are at best very subtle. For instance, the groove in Figure 12 appears to have a raised rim; however, a raised rim is seen only where depressions (degraded craters?) are adjacent to the groove. A photometric determination of slopes for the best of these instances (groove D5 near 280øW) indicates that the rim, if it exists, is less than 1 m high and of the order of 20 m wide [Thomas, 1978] .
We conclude that all of the examples of apparently prominent groove rims involve parallel grooves, superimposed or enclosed craters, and thus cannot be demonstrated to be constructional. In the case of isolated grooves the rims appear to be very subtle at best.
THE AGE OF THE GROOVES
In this section we summarize the available evidence concerning the age of the grooves. The evidence falls into three categories: (1) the superposition of grooves on older craters; (2) the density of small impact craters within the grooves and of larger impact craters on grooves; and (3) the intersection of grooves of one set by those of another.
Superposition of Grooves on Craters
The grooves are younger than the largest craters on Phobos. For instance, as was mentioned above, grooves cut the craters Roche (6-km diameter), Hall (5 km), and d'Arrest (2 km). The grooves cannot be older than Stickney, since there are several within the crater and many cut its rim. They may be contemporaneous with Stickney, but if so, they could not have formed before the ejecta from Stickney had landed on the surface because the grooves cut an area east of the crater covered by what has been interpreted to be ejecta [Thomas, 1979] . However, the time difference need only be a few minutes.
Most importantly, the three craters inside Stickney that are over 800 m in diameter cut grooves within the crater. Thus while the grooves are superposed on Stickney, they formed geologically soon after the crater itself.
Density of Impact Craters
Within and on Grooves Thomas et al. [1978] have reported counts of the density of small impact craters within the grooves and of large craters superposed on grooves, which show that the grooves have accumulated at least half of the crater density found on the rest of Phobos. They estimate an age for the grooves of at least 109 years and possibly more than 3 x l0 9 years. According to the crater counts of Thomas [1978] the ages of the grooves and of Stickney are comparable within the respective error bars.
Relative Ages of Grooves
Since grooves are known to cut other grooves, it would appear that several generations might be involved. For example, east of Stickney, groove B3 cuts grooves of both sets A and C (Figures 3, 7f) . Near Stickney's east rim, C grooves cut grooves of set A in several places. Other B grooves (Figure 3 ) cut both C and A grooves, while C grooves again cut A grooves in a few places near (5øN, 310øW).
On the basis of such evidence, one would conclude that grooves of set A formed first, followed by grooves of set C, followed by grooves of set B. But great caution must be exercised in interpreting such relationships. First, it is not certain that all grooves of a given set formed simultaneously. In fact, the pattern of narrow grooves of set A within larger grooves of set A near Stickney (section 3.4) provides evidence against such a view. Second, some C grooves terminate against B grooves (Figure 3) , suggesting that in these regions the B grooves (or the fractures controlling them) are older than C grooves. Thus the few crossing relationships cannot be extended to all the grooves within the sets. Finally, it should be realized that in the case of obviously crossing grooves the age difference can be very small. The younger groove could have formed immediately after the stabilization of the older groove. The stabilization time need not be much longer than the time required for material to fall the depth of a groove, some 2 min on Phobos for a groove 40 m deep.
Since the number of small impact craters that can be identified within any particular groove is small, one cannot obtain meaningful relative ages for various grooves of one particular set, or for those of different sets, by crater counts. However, all sets of grooves have superposed craters. We note that any attempt to obtain relative ages of various grooves on the basis of how distinct the grooves are (or from the degree of inferred 
Grooves as Surface Expressions of Fractures
The grooves correspond to the traces of planes intersecting the surface of Phobos. They occur in several sets, many of which criss-cross each other without any noticeable effect on tures caused by loading and unloading along the A axis. However, it is not obvious how such consistent orientations could be achieved over all of Phobos given its present size and shape. Perhaps the planes reflect stresses developed in a much larger proto-Phobos, long since fragmented by collisions.
Tidal Fracturing of Phobos
Sorer and Harris [1977] suggested that tidal stresses could fracture at least the outer layers of Phobos and form grooves. However, it is important to note that for most of its history, Phobos was probably much farther away from Mars than it is at present. According to Pollack [1977] and increasing; however, the presence of undeformed impact craters within grooves shows that the formation of grooves is neither continuing nor accelerating at present.
The pattern of grooves is also inconsistent with a tidal stress origin. As was noted by A ggerwal and Oberbeck [1974] , tidal fracturing of a sphere (an adequate approximation to the shape of Phobos for the present discussion) in synchronous rotation yields fractures preferentially near the leading and trailing points. This is unlike the observed pattern of grooves on Phobos: grooves are entirely absent near the trailing point (270øW). It should be emphasized that there is no obvious spallation associated with the Stickney impact. Crater counts [Thomas, 1979] The beaded appearance of many grooves suggests immediately drainage of loose material into cracks (Figure 15 ). Greeley [1970] notes that drainage of loose material into pits or cracks tends to form depressions with straight or convex-up slopes and not with concave-up slopes. Whether this difference is significant enough to rule out the drainage mechanism in the case of grooves is uncertain. One could also question the efficiency of draining regolith into cracks in an environment in which g is less than 10 -3 of the terrestrial value.
Fracturing by Drag Forces
Since we have demonstrated (section 3) that the typical fracture must be less than 20 m wide, while the grooves are typically 5-10 times as wide, a drainage mechanism would imply vertical transport of regolith down to depths several times that of the average groove. Loose regolith would have to be drained to depths of 100-200 m.
Another possibility is that the grooves were modified by the ejection of material from fractures (Figure 16) . Such a process would require a carrier fluid. Phobos is much too small to produce lava or to release volatiles by heating due to long-lived radioactive nuclides. However, the impact that produced Stickney may have generated enough heat within parts of Phobos to release volatiles along the groove fractures.
There is evidence that Phobos consists of low-density carbonaceous chondrite material [Pollack et In a previous section we demonstrated that the energy associated with the Stickney impact was about 1026 ergs. Although the partitioning of this energy among crushing of the target, kinetic energy of ejecta, heating of ejecta, heating of the tar-get, etc. is extremely complex, abundant data on terrestrial impact melts suggest that nontrivial amounts of the energy can be deposited as heat at concentrated points within the target. The data of Grieve et al. [1977] show the retention of impact melt amounting to 1% of the volume of the crater is common. The heat necessary to raise rock to 200øC and drive off 5% water is less than that needed to melt typical rocks (-- It is unlikely that the systematic decrease in groove cross section and prominence with increasing distance from Stickney is due to a decrease in regolith thickness away from Stickney. The trend could easily result if the fractures ultimately responsible for the formation of the grooves had system-atically larger cross sections and/or volumes near Stickney than at large distances from the crater. Bigger fractures could drain more regolith in the drainage scenario. In the case of the ejection mechanism, bigger fractures could produce larger flow rates of steam. Although the mechanics of cracking a triaxial ellipsoid have not been worked out in detail, it appears likely that fractures would be most prominent near the source of impact and decay systematically in size with distance from the impact site. Such an explanation could account for the absence of grooves near (0øN, 270øW) .
If ejection were the dominant mechanism responsible for the formation of the grooves, a contributing factor to systematic decrease of groove cross section with distance from Stickney could be the difficulty of supplying adequate quantities of vapor at large distances from the impact and hence from the source of heat.
LACK OF GROOVES ON DEIMOS
Viking Orbiter images of Deimos, some obtained from a range smaller than any of those of Phobos, show no hint of grooves . Even though many craters on Deimos are conspicuously filled with debris, it is unlikely that there exist completely buried grooves on the outer satellite. Deimos has a number of prominent edges or crests separating facets [Thomas, 1978] which are not conspicuously covered with debris. No grooves are seen on or near these edges or crests.
The lack of grooves on Deimos is consistent with the hypothesis that grooves on Phobos were formed by a near-catastrophic cratering event. The largest crater on Deimos is only 2.3 km in diameter and had a specific impact energy (using the parameters of Housen et al. [1979] ) of 6.5 x 10 •ergs/cm 3. This specific energy is more than an order of magnitude lower than that of the Stickney impact on Phobos.
